Disrupted cells ofBdellovibrio bacteriovorus exhibited adenosine triphosphatase activity, 60 to 80% of which was in the soluble fraction. Dicyclohexylcarbodiimide did not inhibit the adenosine triphosphatase activity in membrane particles. The particles did not show energy-linked transhydrogenase activity. The activity of non-energy-linked transhydrogenase as well as the rate of oxygen consumption were higher in membrane particles of the host-independent strain than in the host-dependent strains. The uptake of amino acids and phosphate by whole cells ofBdellovibrio was found to be an energy-dependent process. Amino acid uptake was inhibited by cyanide and by carbonyl cyanide p-trifluoromethoxyphenyl hydrazone. Valinomycin, in the presence of K+, did not inhibit the uptake, and only partial inhibition was exerted by arsenate and dicyclohexylcarbodiimide. Sulfhydryl reagents inhibited amino acid uptake.
The metabolism of Bdellovibrio has been investigated to obtain a better understanding of its unique potential to grow in the periplasmic space of other bacteria. Most studies in this field have been concentrated on the respiration pattern of Bdellovibrio (13, 22, 25) , its biosynthetic capacities (12, 17, 19, 21) , and its energy expenditure (10, 20) .
Bdellovibrio is an obligate aerobe, requiring oxygen for its intraperiplasmic growth (13) and for the axenic growth of the host-independent (H-I) strains (23) . The endogenous respiration of Bdellovibrio is extremely high. No stimulation of respiration occurs in the presence of substrates such as glucose or succinate, and only a small increase in 02 consumption is observed in the presence of oxidizable substrates such as casein hydrolysate (13, 22, 25) . Recently, Rittenberg and Hespell (20) have shown that Bdellovibrio requires very little energy for the intraperiplasmic growth. Likewise, the H-I strain of Bdellovibrio bacteriovorus can regulate economically its energy expenditure (10) .
So far little is known of the mechanisms by which Bdellovibrio produces and utilizes its energy. This investigation deals with the elucidation of specific mechanisms involved in energy coupling in Bdellovibrio. Membrane-bound activities, mainly the properties of adenosine triphosphatase (ATPase) -one of the key components of the energy conservation system -and the role of energy in uptake processes of Bdellovibrio were investigated. A unique type of ATPase was found in membrane preparations of B. bacteriovorus, and some of its properties are described. It was shown that B. bacteriovorus cells take up amino acids and phosphate by energy-dependent mechanisms. Properties of these active transport systems are described and discussed.
MATERIALS AND METHODS
Bacterial strains and growth procedures. B. bacteriovorus host-dependent (H-D) strains 109D and 109J were grown in Escherichia coli B as follows. A 100-ml portion of E. coli B grown overnight in enriched nutrient broth (23) was washed once and suspended in the same volume of DNB medium (22) . This suspension was inoculated with 109 freshly grown Bdellovibrio and the resultant Bdellovibrio culture was harvested within 24 h, when no E. coli spheroplasts could be observed. A strain of H-I B. bacteriovorus 109D, obtained from M. P. Starr, was grown in enriched nutrient broth until the late-log phase.
Preparation of membrane particles. Cells were harvested by centrifugation in a Sorvall RC2B centrifuge at 7,000 x g for 15 min at 4°C. The cells were washed once with 50 mM tris(hydroxymethyl)aminomethane (Tris), pH 7.8, containing 10 mM MgSO4, suspended in the same buffer to 1 g (wet weight) of cells per 10 ml, and disrupted in a French pressure cell at 20,000 lb/in2. Nonbroken cells and debris were removed by centrifugation at 27,000 x g for 15 min at 4°C. The subsequent isolation of the membrane particles was done by the method of Fisher et al. (7) ; the supernatant fluid was centrifuged at 180,000 x g for 70 min at 40C, and the pellet was homogenized in 1 ml of the Tris buffer. The homogenate of the membrane particles and the supernatant fluid were saved. 
RESULTS
ATPase, transhydrogenase, and oxidase activities in membrane particles of B. bacteriovorus strains 109J (H-D), 109D (H-D), and 109D (H-I). Table 1 illustrates the distribution of ATPase activity between membrane and supernatant fractions in three B. bacteriovorus strains, two H-D and one H-I. Unlike the ATPase of other bacteria, 60 to 80% of the total ATPase activity of the membrane preparations was found in the supernatant fluid; the specific activity in this fraction was found to be higher than that of the membrane-bound enzyme (whereas under similar conditions only 10 to 15% of E. coli ATPase activity was soluble). Furthermore, the ATPase activity in membrane preparations of the Bdellovibrio strains tested was not inhibited by dicyclohexylcarbodiimide (DCCD), an inhibitor of membranebound ATPase in other bacteria (1). Preincuba- The specificities of the membrane-bound and soluble ATPase were similar ( Table 2 ). The highest activity was found for ATP, whereas adenosine 5'-diphosphate, guanosine 5'-triphosphate, uridine 5'-triphosphate, and cytidine 5'-triphosphate were poorer substrates. Hydrolysis of phosphate esters such as p-nitrophenyl phosphate and glucose-6-phosphate were at assay resolution limits.
Membrane particles of the three strains tested showed reduced nicotinamide adenine dinucleotide oxidase activity (Table 3 ). This activity was higher in strain 109D (H-I). It was totally inhibited by 3 mM KCN in all the strains tested. Although non-energy-linked transhydrogenase could be observed in membrane particles of the three strains, the energylinked transhydrogenase activity could not be detected except for a trace amount in strain 109D (H-I). This strain also exhibited higher values for the non-energy-linked transhydrogenase activity.
Morphology of membrane preparations of strains 109J (H-D), 109D (H-D), and 109D (H-I). The membrane particles obtained by disrupting cells of strain 109D (H-I) in a French
pressure cell consisted of a heterogeneous population of"vesicle-like" particles, 40 to 160 nm in diameter (Fig. 1A) . Likewise, cells disrupted by sonic oscillation (1 min) gave rise to similar vesicle-like particles. Subsequent exposure of the French pressure preparation to further sonic oscillation yielded a population of smaller vesicle-like particles 40 to 100 nm in diameter (Fig. 1B) . Cells ruptured by these three methods exhibited similar values ofATPase activity. Membrane particles of strains 109D (H-D) and 109J (H-D) were similar in shape and diameter to the vesicle-like particles of strain 109D (H-I). However, E. coli particles obtained by the same procedures were smaller (15 to 20 nm in diameter) and more homogeneous (Fig. 1C) .
Transport of amino acids and phosphate in whole cells of strains 109J (H-D), 109D (H-D), and 109D (H-I). To gain more insight into the energy metabolism of Bdellovibrio in whole cells, the transport of amino acids and phosphate was investigated. A number of inhibitors that are generally assumed to affect electron transport, KCN, DCCD and arsenate (ATP- linked reaction inhibitors), carbonyl cyanide ptrifluoromethoxyphenyl hydrozone and valinomycin (uncouplers), and the sulfhydryl reagents iodoacetate, N-ethylmaleimide, and phydroxymercuribenzoate, were tested for their effect on amino acid uptake by strain 109D (H-I). The results presented in Fig. 2 illustrate the uptake of amino acids in whole cells of strain 109D (H-I). Arsenate at a concentration of 10 mM reduced the level of amino acid uptake by 45%, suggesting that their uptake can be driven by a high-energy phosphate bond (probably ATP). Furthermore, the uptake of amino acids was reduced to various levels by different concentrations of DCCD (Fig. 3) .
The results presented in Table 4 show that KCN at a minimal concentration of 0.5 mM reduced both the initial rate and the level of amino acid uptake by 86 
DISCUSSION
Results obtained in this investigation demonstrate that B. bacteriovorus has a unique type of ATPase. Most of the enzyme activity was found in the soluble fraction of disrupted cells, whereas generally this activity remains membrane bound (1) .
In addition, unlike the ATPase of most bacteria, the membrane-bound activity of ATPase in membrane preparations of B. bacteriovorus is insensitive to inhibition by DCCD, an inhibitor of membrane-bound ATPase from various sources (5, 11) . Studies with mutants of E. coli and Streptococcus faecalis indicate that DCCD sensitivity in these organisms appears to be conferred by a specific membrane component (2, 6) . Alternatively, DCCD-resistant ATPase activities were found in certain mutants in which the binding of ATPase to the membrane was defective (15) . Unlike mutants of E. coli (15) bacteriovorus both structural and functional roles of ATPase are maintained in vivo, whereas during cell fractionation, i.e., in vitro, the binding of the enzyme to the membrane is altered in such a way that the membranebound activity of ATPase becomes DCCD resistant. This change might result from weak binding of the ATPase to the membrane, as previously suggested for certain E. coli mutants (15) .
The data show that membrane particles ofB. bacteriovorus constitute a heterogeneous population of various sizes, much larger than E. coli membrane particles and of different membrane morphology.
Energy-dependent transhydrogenase could not be detected in membrane particles of the H-D strains, and only trace values of a respiration-driven activity were revealed in membrane particles of the H-I strain tested. Membrane particles of the H-I strain exhibited higher non-energy-linked transhydrogenase activity as well as higher oxygen consumption. These differences might originate because of the different growth conditions of the H-D and H-I strains, or may reflect a general difference between the membrane structure ofthe H-I and H-D strains.
Intact cells of B. bacteriovorus obtain amino acids and phosphate from the medium via an energy-dependent process, as shown by the use of energy metabolism inhibitors. The uptake of phosphate and amino acids seems to be energized mainly by electron transport, since it is virtually inhibited by KCN. The amino acid uptake may be energized by ATP hydrolysis, presumably via ATPase. However, this energy source is not the main one, since uptake was only partially inhibited by the ATPase inhibitors DCCD and arsenate. The total inhibition exerted by the high concentration of DCCD (1 mM) might be due to nonspecific toxic effects of DCCD on the membrane (26) . The synergistic effect of DCCD and cyanide indicates that two pathways of energy supply to amino acid uptake might operate in Bdellovibrio. There is now evidence that bacterial transport is energized by the "high energy state" of the membrane, generated by either electron transport or ATP hydrolysis (24) . Recently it has been shown that the transport of some amino acids in E. coli is driven solely by phosphate-bound energy, derived from substrate or oxidative phosphorylation (3, 4, 14) . The data indicate that the two pathways of energy coupled to amino acid uptake might also operate in Bdellovibrio. However, since Bdellovibrio is an obligate aerobe, it is very likely that substratelevel ATP synthesis would not function in the presence of respiration inhibitors. Thus, a marked inhibition ofuptake by cyanide is possible even though arsenate and DCCD exert a partial inhibition as well.
